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Preparation of initial enzyme reactant systems
The initial structures of enzymes COX-1 and COX-2 were taken from the crystal structures (PDB codes: 1Q4G 1 and 3NT1 2 respectively). The protonation states of titratable side chains were determined at constant PH 7 based on pKa calculations via the PROPKA 3 program and the consideration of the local hydrogen bonding network. The partial charges of aspirin were fitted with HF/6-31G(d) 4 calculations and the restrained electrostatic potential (RESP) module 5 in the Amber package. Then the COX-aspirin complexes were constructed by docking the aspirin into the pre-equilibrated COX using Autodock 4.2. 6 Next, the system was neutralized, solved, and equilibrated with a series of minimizations followed by short molecular dynamics simulations using Amber11 7 with periodic boundary condition. Finally, a 10-ns molecular dynamics simulation was carried out. In all the above MD simulations, long-range electrostatic interactions were treated with particle mash Ewald (PME) method 8 and 12 Å cutoff was used for both PME and van deer Waals (vdW) interactions. The pressure was maintained at 1 atm and coupled with isotropic position scaling. Temperature was controlled at 310 K with Berendsen thermostat method. 9 All the MD simulations were performed with Amber11 molecular dynamic package, 7 and amber99SB 10 force fields was employed.
Standard aspirin-COX binding free energy and relative binding free energy of mutants calculations
The standard binding free energies were calculated relying upon the alchemical transformations scheme, 11 in which a series of geometrical restraints were applied to alleviate sampling limitation inherent to classic molecular dynamics simulations. To eliminate the errors arising from the large salvation energies of charged ligands, we performed the decoupling of aspirin in protein and coupling of aspirin in bulk water together. 12 Soft-core potential 13 was employed for the coupling or decoupling of aspirin. A larger box of di-S3 mensions 110 × 100 × 100 Å 3 was used to ensure during the decoupling of aspirin in bulk, they don't interact with the protein (the aspirin is more than 50Å away from the binding site). Then the whole transformation was performed in both forward and backward directions. All the simulations reported herein were performed under the same simulation conditions as mentioned in the previous section. In all alchemical transformations, aspirin was restrained to its average structure from the MD simulation of aspirin-COX reactant complexes by means of a root mean-square deviation (RMSD) collective variable. In addition, for the reversible coupling of the bound state, translational and orientational restraints were enforced step by step, following the definitions in Figure 1 of the reference. 11a Thermodynamic integration (TI) method 14 was employed to calculate the contribution of the geometrical restraints. The integral was evaluated using 9-point or 12-point Gaussian quadrature.
To check the role of Arg120 in ligand binding, we mutated Arg120 to Ala, and the relative binding free energy of mutants ΔΔG bind were calculated by the combination of thermodynamic integration with thermodynamic cycles: (wt means wild type)
Then the relative binding free energy is given by:
QM/MM simulations.
The initial structures for QM/MM calculations were prepared based on a snapshot chosen from the 10-ns molecular dynamics simulation of aspirin within COX-1 and COX-2.
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With an equilibrated MD snapshot, the QM/MM model was prepared by deleting the ions and waters beyond 30 Å from the reaction center, which was chosen as carboxyl carbon atom of the ester group of aspirin. The resulted enzyme-inhibitor (EI) systems contained about 14,000 atoms. For COX-1 and COX-2, the QM sub-system includes the inhibitor aspirin and the catalytic side chains of Ser530, as illustrated in Figure S2 , treated by B3LYP functional with 6-31+G(d) basis set. The QM/MM boundary was described by the improved pseudobond approach. 15 All other atoms were described by the same molecular mechanical force field used in classical MD simulations. For all QM/MM calculations, the spherical boundary condition was applied, and only the atoms within 25 Å from the reaction center were allowed to move. The 12 and 18 Å cutoffs were employed for vdW and electrostatic interactions, respectively. There was no cutoff for electrostatic interactions between QM and MM regions. The prepared QM/MM systems were first minimized and then employed to map out a reaction path with B3LYP/6-31+G(d) QM/MM minimizations. As shown in Figure S2 , the reaction coordinate of the first step 
